Electrical excitability in neurons depends on the activity of membrane-bound voltage gated sodium channels (Na v ) that are assembled from an ion conducting ␣-subunit and often auxiliary ␤-subunits. The ␣-subunit isoform Na v 1.3 occurs in peripheral neurons together with the Na v ␤3-subunit, both of which are coordinately up-regulated in rat dorsal root ganglion neurons after nerve injury. Here we examine the effect of the ␤3-subunit on the gating behavior of Na v 1.3 using whole cell patch clamp electrophysiology in HEK-293 cells. We show that ␤3 depolarizes the voltage sensitivity of Na v 1.3 activation and inactivation and induces biphasic components of the inactivation curve. We detect both a fast and a novel slower component of inactivation, and we show that the ␤3-subunit increases the fraction of channels inactivating by the slower component. Using CD and NMR spectroscopy, we report the first structural analysis of the intracellular domain of any Na v ␤-subunit. We infer the presence of a region within the ␤3-subunit intracellular domain that has a propensity to form a short amphipathic ␣-helix followed by a structurally disordered sequence, and we demonstrate a role for both of these regions in the selective stabilization of fast inactivation. The complex gating behavior induced by ␤3 may contribute to the known hyperexcitability of peripheral neurons under those physiological conditions where expression of ␤3 and Na v 1.3 are both enhanced.
expressed in complex tissue-specific and developmentally regulated patterns to generate a wide combinatorial variety of channels with distinct properties, which presumably reflects the differing physiological demands of individual cells, tissues, and organs (4) . A noticeable example is shown by the neuronal channel ␣-subunit Na v 1.3 (5) and the ␤3-subunit (6) . The tissue-specific expression patterns of Na v 1.3 correlate closely with ␤3 (6 -8) , and the subunits show parallel expression patterns throughout development (7, 9) . Furthermore, the expression of these two proteins is co-coordinately up-regulated in rat dorsal root ganglion neurons in a nerve-injury model of neuropathic pain (10 -13) and in experimental diabetic neuropathy (7, 14) . This suggests that the ␤3-subunit may play an important role in the selective regulation of Na v 1.3 in both physiological and pathological situations.
As with all ␤-subunits, ␤3 is composed of an extracellular V-type immunoglobulin (Ig) domain, a single ␣-helical transmembrane domain, and a short intracellular domain (6) . In both ␤3 and its close homolog ␤1, mutations that affect the structure of the Ig domain modify gating behavior (15, 16) . By contrast, the effects of the intracellular domains are less clearly established. In ␤1, there are conflicting reports concerning the effects of the intracellular domain on ␣-subunit gating (17, 18) . In the case of ␤3, the role of the intracellular domain has been difficult to assess as its deletion led to a ␤3-subunit that failed to bind the ␣-subunit (16) . This ambiguity is compounded by the current lack of structural information on any ␤-subunit intracellular domain.
Here we use whole cell patch clamp electrophysiology to examine the effect of ␤3 on Na v 1.3 gating. We show that ␤3 generates multiphasic inactivation curves and reduces the proportion of channels that inactivate via a fast current decay in favor of a novel, relatively slow current decay. Using CD and NMR spectroscopy, we identify a short amphipathic ␣-helix and a C-terminal disordered region within the ␤3-subunit intracellular domain. We show that both of these features selectively help to stabilize fast inactivation of Na v 1.3. Our work reveals new insights into the effects of the ␤3-subunit on Na v gating and provides a striking example of Na v regulation driven by localized conformationally dynamic motifs.
EXPERIMENTAL PROCEEDURES
Reagents-All reagents were purchased from Sigma or Fisher unless otherwise stated.
□ S The on-line version of this article (available at http://www.jbc.org) contains supplemental Table S1 and Figs. S1 and S2. 1 Peptide Synthesis-Peptides corresponding to the wild type ␤3 and mutant intracellular domain were synthesized by Alta Biosciences Edgbaston, Birmingham, UK. Lyophilized peptides were reconstituted at ϳ4 mg/ml in 2 mM sodium phosphate buffer adjusted to pH 7.2, stored at Ϫ80°C until use.
Circular Dichroism-CD spectra between 250 and 190 nm were recorded on an AVIV 215 spectropolarimeter at 25°C and 0.5-nm steps. Peptides were diluted from stock into 2 mM sodium phosphate buffer, pH 7.2, to working concentrations of 78 g/ml (pep-WT) and 75 g/ml (pep-AP) as determined by UV spectroscopy utilizing the single tyrosine present in the sequence. Spectra were separately measured in 2 mM sodium phosphate, pH 7.2, alone or supplemented with 30% trifluoroethanol (TFE) 4 in a 1-mm path length quartz cuvette. Peptide samples were centrifuged at 13,000 rpm for 2 min at 25°C to reduce noise due to scattering. The spectra were not corrected for the refractive index of the solvent. For each spectrum the raw data from at least 15 scans was averaged, smoothed, and transformed into mean residue ellipticity using the DichroWeb server. The transformed data were deconvoluted and analyzed using the CDSSTR algorithm (19) .
Nuclear Magnetic Resonance-1 H NMR spectra were recorded on a Bruker DRX 600 spectrometer operating at 600 MHz 1 H frequency equipped with a TXI pulsed field gradient probe. Samples were 0.3 mM in peptide and contained 30% (v/v) TFE and 5% D 2 O for lock stabilization. Two-dimensional NOESY (mixing time 150 ms), TOCSY (mixing time 70 ms), and DQF COSY experiments were recorded at 298 K using either a Watergate solvent-suppression scheme or gradient coherence-order selection. Experiment times varied between 18 and 25 h.
Mutations-The cDNA encoding full-length human ␤3-subunit was subcloned into the plasmid pFastBacMam (20) . It was modified to include a C-terminal cMyc tag (21) to facilitate immunodetection in additional experiments. Mutations in the intracellular domain were introduced using the QuikChange method (Stratagene). Positive clones were identified by restriction digestion of isolated plasmids and verified by sequencing.
Transient Transfection-For electrophysiological studies, we used a HEK293 cell line stably expressing Na v 1.3 (5) . Cells were maintained in DMEM with 10% fetal calf serum (Invitrogen) supplemented with 1ϫ nonessential amino acids (Invitrogen), 2 mM L-glutamine (Invitrogen), and 0.4 mg/ml Geneticin (Invitrogen) at 37°C and 5% CO 2 . For conventional patch clamp experiments, cells in 25-cm 2 tissue culture flasks were transfected with 10 g of plasmid DNA (2 g of pFastBacMam-GFP and 8 g of pFastBacMam-␤3) using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Cells were detached from the flasks 48 h after transfection using Versene (Invitrogen) and inoculated into the wells of a 6-well plate containing three pre-sterilized borosilicate glass coverslips (13 mm, thickness no. 0) and 2 ml of media. The plate was incubated at 37°C with 5% CO 2 for ϳ1.5-2 h to allow the cells to settle. Transfected cells were identified by GFP fluorescence using Nikon Eclipse TE200 inverted optics microscope. Recordings were made at room temperature (19°C).
Whole Cell Voltage Clamp Electrophysiology-Currents were recorded from the transfected HEK293-Na v 1.3 cells using the whole cell configuration of the patch clamp recording technique (22) with an Axopatch 200B Amplifier (Axon Instruments). All voltage methods were applied using pCLAMP 8.2 software (Axon Instruments) and a Digidata 1322A (Axon Instruments). Borosilicate glass patch pipettes (Harvard Apparatus Ltd.) were pulled in four steps using a Sutter P-97 and fire-polished (Narashige micro forge MF-830) to a final resistance of 1-2 megaohms. The series resistance for almost all recordings was less than 6 megaohms, and data where the series resistance was greater than 9 megaohms were not used. The extracellular bath solution contained 4.7 mM KCl, 70 mM NaCl, 70 mM choline chloride, 5 mM HEPES, 11 mM glucose, 1.2 mM MgCl 2 , and 1 mM CaCl 2 . The pH was adjusted to 7.4 using NaOH. The pipettes were back-filled with 120 mM CsF, 15 mM NaCl, 10 mM HEPES, 10 mM EGTA, 2 mM Mg ATP, and 0.3 mM Na GTP, pH 7.25. The experimental voltage protocols were initiated exactly 12 min after obtaining access to the cell, and protocols were applied in the same order for each cell. Signals were sampled at 20 -50 kHz after low-pass Bessel filtering at 10 kHz. Leak current was estimated using the P/N protocol supplied with the pCLAMP software using four hyperpolarizing subsweeps before the stimulus waveform and was subtracted from the voltage-dependent currents. Membrane potentials were not corrected for the liquid junction potential, which was calculated to be 9.0 mV at 19°C (using pCLAMP software). Data from cells with a current amplitude of Ͼ4 nA or from cells that showed evidence of poor voltage control as reflected in the shape of the current-voltage curve were not included in the analysis.
The voltage dependences of activation were determined from Na v 1.3 currents elicited by 5-mV incremental step depolarizations of 20-ms duration (Ϫ95 mV to ϩ65 mV) from a Ϫ90 mV holding potential. The inter-sweep holding potential was Ϫ100 mV. To generate steady-state inactivation, Na v 1.3 channels were inactivated by 5-mV incremental step depolarizations of 1-s duration (Ϫ100 to ϩ15 mV) from a holding potential of Ϫ90 mV. The conditioning pulse was followed by a test pulse to Ϫ10 mV for 20 ms to determine the fraction of channels available for activation. Test pulse current amplitudes were normalized to the maximum test pulse amplitude for each cell individually, plotted against conditioning pulse, and fit with a single or the sum of two Boltzmann functions.
Conductance (g) was calculated from peak current amplitude (I) according to the equation g ϭ I/(V Ϫ V rev ), where V is the test potential, and V rev is the experimentally determined reversal potential. Normalized conductance and selected inactivation curves were fit with the single Boltzmann function,
where g/g max is the normalized conductance or current, V1 ⁄ 2 is the voltage of half-maximal activation or inactivation, k is the slope factor, V is the test pulse or conditioning pulse potential, and A and B are the minimum and maximum normalized conductance values.
Where appropriate, channel availability was described by the sum of two Boltzmann functions,
where B and C relate to the amplitudes of each Boltzmann function. After fitting curves, Boltzmann functions were arranged from most negative V1 ⁄ 2 to most positive V1 ⁄ 2 in the order 1 V1 ⁄ 2, 1 k and 2 V1 ⁄ 2, 2 k. The time courses of current decay were described with two exponentials using ClampFit,
where I p is the peak current, I t is the current at time t, A, B, and C are the magnitudes of the persistent, slow, and fast components, respectively, Slow and Fast are the time constants of the slow and fast components, respectively, and t is time in ms.
To examine inactivation of the fast and slower components separately, the test pulse current decay from the 1-s inactivation protocol was fit with the two exponential equation. The amplitudes of each component were normalized to the total test pulse current amplitude or in the case of the fast component, the maximum amplitude of the fast component, and plotted against conditioning potential.
All experimental and calculated data were viewed in the Spotfire Decision Site (TIBCO software Inc.) to rule out any trends between the calculated parameters and properties of the patched cell such as whole cell capacitance, series resistance, and peak current. Data comparisons were subjected to a oneway analysis of variance test using GraphPad Prism Version 3.02 for windows (GraphPad software, San Diego, CA). Probability (p) values were adjusted using the Bonferroni post hoc tests to determine significance of differences. Samples were considered significantly different at p Ͻ 0.05. All means quoted are ϮS.E.
RESULTS

The ␤3-Subunit Increases the Time to Reach Peak Current and the Proportion of Slower Inactivating Channels-
The expression of endogenous ␤1-or ␤3-subunit mRNAs in the HEK293-Na v 1.3 cell line was negligible by TaqMan analysis (data not shown). HEK293-Na v 1.3 cells were transiently transfected with GFP alone (Na v 1.3/no ␤3) or transiently transfected with GFP and wild-type ␤3 (Na v 1.3/␤3-WT). Sodium currents were elicited by 20-ms depolarizations to varying potentials in 5-mV increments from a holding potential of Ϫ90 mV ("Experimental Procedures"). A family of traces from representative cells of each type is shown in Fig. 1A . A substantial slowly inactivating component of current decay was observed in Na v 1.3/ ␤3-WT cells, and the time to peak was also increased relative to Na v 1.3/no ␤3 cells (Table 1 ). Current decay was described by a double exponential equation. Relative to Na v 1.3/no ␤3 cells, co-expression of ␤3-WT significantly increased Slow at the voltage that elicited the peak current and significantly increased the proportion of channels that inactivated with the slower time constant (Table 1) .
The ␤3-Subunit Destabilizes the Voltage Dependence of Activation and Induces Biphasic Inactivation-The voltage dependence of activation for Na v 1.3/no ␤3 cells and Na v 1.3/ ␤3-WT cells was determined from the amplitudes of the conditioning pulse currents elicited by a family of 20-ms depolarizing pulses to various potentials ("Experimental Procedures"). The conductance/voltage relationship was described by a single Boltzmann function (Fig. 1B) . Co-expression of ␤3-WT induced a significant positive shift in the V1 ⁄ 2 of activation relative to Na v 1.3/no ␤3 cells and significantly increased the slope factor (Fig. 1B , Table 2 ).
The voltage dependence of inactivation was determined using a 1-s conditioning pulse as described under "Experimental Procedures." The 1-s protocol was chosen to generate steady-state inactivation, as extended pulses (up to 60 s) produced no further hyperpolarizing shifts in the inactivation Whole cell sodium currents were elicited as described under "Experimental Procedures." All mean data points are presented ϮS.E. A, a family of current traces from representative Na v 1.3/no ␤3 and Na v 1.3/␤3-WT cells is shown. Peak current amplitudes were 2.6 nA (Na v 1.3/no ␤3) and 2.7 nA (Na v 1.3/␤3-WT). Traces are shown every 10 mV from Ϫ90 to ϩ30 mV. Co-expression of ␤3-WT slows the rate of current decay. B, shown is the mean normalized conductance/voltage relationship for Na v 1.3/no ␤3 cells or Na v 1.3/␤3-WT cells. Means (ϮS.E.) were generated from the following sample numbers: Na v 1.3/no ␤3 n ϭ 27; Na v 1.3/ ␤3-WT n ϭ 24. Conductance was calculated from conditioning pulse currents using the measured reversal potential for each cell and normalized, and the means Ϯ S.E. were plotted against voltage. The data from each cell were fit with a single Boltzmann function to generate the V1 ⁄2 and slope (k) values presented in Table 2 .
curve (data not shown). Normalized test pulse currents from Na v 1.3/no ␤3 cells plotted against conditioning potential were best described by a single Boltzmann function (supplemental Fig. S1 ). In contrast, Na v 1.3/␤3-WT cells exhibited more complex behavior. About half (data not shown) of the Na v 1.3/␤3-WT cells generated multiphasic inactivation curves ( Fig. 2A ) that were best fitted to a biphasic plot (supplemental Fig. S1 ). The remaining curves were best fitted to a monophasic plot. The V1 ⁄ 2 and slope (k) parameters generated from the single Boltzmann curve fits ( s V1 ⁄ 2 , s k) were close in value to the 1 V1 ⁄ 2 and 1 k parameters derived from the biphasic curve fits. Therefore, these parameters were combined to generate the mean values shown in Table 3 . The ␤3-WT significantly reduced the mean 1 k and s k relative to Na v 1.3/no ␤3 cells (Table 3 ). This together with the biphasic component of ␤3-WT inactivation generated a distinctive mean channel availability plot for Na v 1.3/␤3-WT cells depolarized relative to Na v 1.3/no ␤3 cells. The influence of the second phase was particularly clear between potentials Ϫ55 and Ϫ30 mV (Fig. 2B) .
Test-pulse traces indicated that current decay occurred with a combination of both fast and slower time constants (Fig. 2C) . Double exponential functions were used to describe these traces and determine amplitudes of the fast and slower components and the proportion of each component at increasing conditioning potentials. The proportion of channels that inactivated with the slower time constant was significantly increased by ␤3-WT (Fig. 2D) . In particular, channels operating in the fast mode were completely inactivated at conditioning potentials positive to Ϫ55 mV (Fig. 2D) . Hence, the ␤3-induced slower component was responsible for the second phase of the mean channel availability plot (Fig. 2B) .
The ␤3 Intracellular Domain Contains Structurally Distinct Regions-Does ␤3 influence these experimentally distinguishable gating modes via localized domains within its structure? In our initial work we focused on the ␤3 intracellular domain because that small, self-contained region nevertheless remains relatively uncharacterized from both a structural and functional perspective.
Based on secondary structure predictions, it has previously been suggested that a region within the ␤3 intracellular domain, approximately bounded by Ser 161 and Tyr 174 may adopt a short amphipathic ␣-helix (23). The Ser 161 residue lies within a consensus protein kinase A recognition site that can be phosphorylated in vivo (23) . The amphipathic nature of the putative helix within this region, its sequence conservation between distantly related species (24) , and the potential for post-translational modification of surrounding amino acids suggests the helical propensity may have functional implications. On the other hand, programs designed to detect local regions of protein disorder, for example DisEMBL (25) and PONDR (26) , imply that much of the intracellular domain may be unstructured (data not shown). To gain greater insight into these disparate features, we examined the structure of peptides corresponding to the wild type and modified ␤3 intracellular domain using CD and NMR spectroscopy both in aqueous media and in the presence of 30% (v/v) TFE. The solvent TFE has been extensively used to enhance the stability of short secondary structural elements in peptides to mimic the structure adopted by short sequences in assembled proteins (27) (28) (29) . The ␤3 peptides examined were (Fig. 3A) (i) the wild-type sequence (pep-WT) and (ii) A mutant sequence in which the Ala 166 equivalent residue was replaced by proline to inhibit any potential ␣-helical propensity (pep-AP).
Detailed CD spectra for each peptide in aqueous buffer, pH 7.2, and in buffer supplemented with 30% (v/v) TFE are shown in supplemental Fig. S2 , and the summarized estimated proportions of secondary structure elements are shown in Fig. 3B . The ␣-helical composition of the peptides was negligible in aqueous buffer alone. However, the addition of 30% (v/v) TFE resulted in a significant increase in the ␣-helical content. For pep-WT this amounts to 20% of the sequence or approximately 2 turns of a standard ␣-helix. This is closely mirrored by a proportionate Co-expression of ␤3-WT with Na v 1.3 increases the time to reach peak current and slows the rate of inactivation using a family of 20-ms depolarizations ("Experimental Procedures"). All ␤3-subunits significantly increased the mean time to peak, increased the proportion of channels that decay with a slower time constant, reduced the proportion of channels that decay with the fast time constant, and increased the time constant for the slow component of current decay ( slow ). Means (ϮS.E.) were generated from the sample numbers shown (n). Significant differences from Na v 1.3/no ␤3 are indicated in the footnotes.
␤3-Subunit
Time to peak at peak I 
TABLE 2
Boltzmann parameters for activation of Na v 1.3 expressed alone or with ␤3-subunits Activation Boltzmann parameters for Na v 1.3 co-expressed with ␤3-WT and mutant ␤3 subunits is shown. To determine the voltage dependence of activation, whole cell sodium conductances at various potentials were described by a single Boltzmann function as described under "Experimental Procedures." Mean V1 ⁄ 2 and slope (k) (Ϯ S.E.) were generated from individual fits of the total sample number (n) shown. Significant differences from Na v 1.3/no ␤3 are indicated by the footnotes.
decrease in disorder (Fig. 3B ) and an increase in the magnitude of the negative Cotton effect at 222 nm (supplemental Fig. S2 ). In contrast, the ␣-helical content of pep-AP in 30% (v/v) TFE was significantly lower and disorder correspondingly higher relative to the other peptides (Fig. 3B) , indicating a reduced ␣-helical potential, as expected for a proline introduced into this region. NMR chemical shifts are very sensitive to the local environment and are indicative of the secondary structure of a protein or peptide when compared with the expected random coil chemical shifts in the unstructured state. To this purpose, the peptides were investigated using homonuclear 1 H NMR methods. In aqueous buffer, attempts to assign backbone and sidechain protons of the peptides based on two-dimensional NOESY, TOCSY, and DQF COSY spectra failed due to the low chemical shift dispersion of the peptide signals. This suggests that in aqueous buffer the peptides were predominantly FIGURE 2. Channel availability using a 1-s conditioning pulse is monophasic for Na v 1.3/no ␤3 but biphasic and destabilized upon co-expression of ␤3-WT. A, shown are channel availability for three examples of Na v 1.3/no ␤3 cells and three examples of Na v 1.3/␤3-WT cells. The Na v 1.3/no ␤3 examples were best described by a single Boltzmann function, whereas the Na v 1.3/␤3-WT examples were best described by the sum of two Boltzmann functions (see also supplemental Fig. S1) . B, mean channel availability plots for Na v 1.3 cells/no ␤3 and Na v 1.3 cells/␤3-WT are shown. Means (ϮS.E.) were generated from the following sample numbers: Na v 1.3/no ␤3, n ϭ 26; Na v 1.3/␤3-WT, n ϭ 15. C, the ␤3-WT subunit modulates the proportion of fast and slower inactivating channels. Test pulse current decay was described by a double exponential function to determine the amplitudes of the fast, slow, and persistent components as shown. The persistent component is estimated by extrapolating the curve beyond 20 ms. D, ␤3-WT increases channel availability by increasing the proportion of channels that inactivate with a slower time constant. Mean amplitudes are shown for Na v 1.3/no ␤3 and Na v 1.3/␤3-WT cells at each conditioning potential. Amplitudes are expressed as a fraction of the total test pulse amplitude.
TABLE 3
Boltzmann parameters for inactivation of Na v 1.3 expressed alone or with ␤3-subunits using the 1-s conditioning pulse Inactivation parameters using the 1-s conditioning pulse are shown. Test pulse current amplitudes were plotted against conditioning potential and fit with a single or the sum of two Boltzmann functions as described under "Experimental Procedures." Means (ϮS.E.) were generated from the individual fits of the total sample numbers shown (n). Parameters derived from all data that were best described by the sum of two Boltzmann functions (phases 1 and 2) are shown as well as the sum of the most negative component of the two-component fits (phase 1) combined with parameters derived from data described by a single Boltzmann function (monophasic). Significant differences from Na v 1. 
␤3-Subunit
Boltzmann parameter Phase 1 Phase 2 Phase 1 and monophasic
unstructured, a result that is consistent with the CD data. However, in 30% (v/v) TFE, there was a significant increase in the observed chemical shift dispersion for the peptides. This allowed the sequential assignment of the peptides and, in agreement with the CD data, confirmed a higher secondary structure content. The 1 H␣ chemical shifts of the peptides were compared with the random coil shifts of the unstructured peptides. To improve the diagnostic power of the chemical shift data, the random coil chemical shifts were corrected for neighboring residue effects (30) . The difference ⌬␦ between the experimentally determined 1 H␣ chemical shifts and the calculated 1 H␣ random coil chemical shifts plotted against the primary sequence is shown in Fig.  3C , with detailed shift assignments for each peptide presented in supplemental Table S1 . It is noticeable that for residues 13-34 (equivalent to amino acid residues 170 -191 of the complete ␤3 sequence) all peptides showed very similar behavior, where the ⌬␦ fluctuated between negative and positive values. With the exception of peptide residues 20 and 30, which precede a proline residue (thus, leading to difficulties with the secondary structure prediction), the remaining ⌬␦ values deviated only slightly from zero as would be expected for an unstructured region. This suggests that the C-terminal halves of the peptides remained disordered. However, for peptides residues 5-13 (i.e. residues 162-170 of the ␤3 protein), the ⌬␦ values of the peptides were consistently negative. The assembly of several sequential residues with negative ⌬␦ 1 H␣ values indicates an ␣-helical region. Significantly, the ␣-helical content of this region was noticeably reduced for pep-AP. The 8 residues are sufficient to form 2 turns of an ␣-helix and add up to 24% helical character, very similar to the prediction from CD. Taken together, the CD and NMR data suggest that the ␤3 intracellular domain has a propensity to adopt a structure containing two contrasting elements, a short but amphipathic ␣-helix within the region previously identified on the basis of secondary structure prediction (23) together with a disordered region that extends for most of the remaining sequence (Fig. 3, C and D) .
Mutations in the Intracellular Domain Selectively Destabilize the Fast Component of Inactivation-To investigate how these structural features influence Na v 1.3 channel gating, we generated the following intracellular domain mutants. First, we replaced Ala 166 with proline (hereafter referred to as ␤3-AP) to reduce any helical tendency in this region. Second, we deleted the extreme C-terminal residues from amino acid Ser 179 to Glu 191 corresponding to the non-helical region implied by twodimensional NMR data (␤3-⌬SE) (Fig. 4A) . The mutant ␤3 constructs were transiently transfected into HEK293-Na v 1.3 cells, and their electrophysiological effects were examined in comparison to ␤3-WT.
As with ␤3-WT, co-expression of the ␤3-subunit mutants significantly increased the proportion of channels inactivating with the slower kinetics and increased Slow at the voltage that elicited peak current relative to Na v 1.3/no ␤3 cells. However, the mutants showed no significant differences from ␤3-WT in these parameters (Table 1) . Both mutants induced a significant positive shift in the V1 ⁄ 2 of activation relative to Na v 1.3/no ␤3 cells, but again, this shift was not significantly different from ␤3-WT (Table 2) .
Both mutants reduced 1 k and s k values for inactivation relative to Na v 1.3/no ␤3 cells, but these were not significantly different from Na v 1.3/␤3-WT cells (Table 3) . However, relative to both Na v 1.3/no ␤3 and Na v 1.3/␤3-WT cells, the mutants sig- nificantly shifted the 1 V1 ⁄ 2 and s V1 ⁄ 2 values for inactivation in the positive direction (Table 3 ; Fig. 4B ). We also examined the percentage of inactivation at different potentials (supplemental Table S2 ) and plotted the data as difference curves (% inactivation for Na v 1.3/no ␤3 cells Ϫ % inactivation for Na v 1.3/␤3-WT or ␤3 mutants, at each potential) (Fig. 4C) . This approach emphasized the range of conditioning potentials maximally affected by ␤3 mutants and further confirmed that both mutants demonstrated an enhanced destabilizing effect relative to ␤3-WT.
All ␤3-subunits increased the proportion of channels inactivating with the slower time constant (Fig. 5A) . To determine the voltage dependence of fast inactivation, the amplitudes of the fast components at each conditioning potential (estimated from the test pulse decay traces, as described above) were normalized to the maximum amplitude of the fast component for each cell. The mean values indicated that the mutants depolarized the voltage sensitivity of the slower component to the same extent as ␤3-WT. However, both mutants depolarized the fast inactivation curve relative to ␤3-WT, and in the case of ␤3-⌬SE, the shape of the curve was also substantially altered (Fig. 5B) . Hence, for cells expressing the intracellular domain mutants, the enhanced positive shifts in the total channel availability plots in Fig. 4B were due to the destabilization of fast inactivation around potentials that are typical for neuronal cells.
DISCUSSION
Here we show that in HEK293 cells, ␤3 depolarizes the voltage sensitivity of Na v 1.3 activation and inactivation and induces biphasic components of inactivation. The ␤3-WT subunit slowed the time to peak current and the rate of inactivation of Na v 1.3. The slower time to peak could indicate an increased dwell time in the closed states before opening, a decreased rate of inactivation onset from the open state, or an increase in the return rate to the open state from the inactivated state. The ␤3-subunit increased the proportion of channels that inactivated with slower kinetics and increased the time constant for the slower component of inactivation. This generated the biphasic channel availability curves. To analyze these curves in more detail, we determined the percentage of inactivation at each conditioning potential. Separation of the fast and slower components of the test pulse currents clarified the nature of the different phases, enabled each phase to be studied individually without one contaminating the other, and provided detailed information on the voltage dependence of each component. We suggest that this approach could allow further mutational dissection of ␤3 domains even where the underlying gating behavior is not straightforward and the effects are subtle. Previous work in Xenopus oocytes has revealed similar inactivation effects (31) . However, as far as we are aware, the ability of ␤3 reciprocally to modulate the proportion of channels operating with fast and slower inactivation kinetics has not been reported in mammalian cells. Our data are consistent with two possibilities. Either ␤3 substantially increases the time constant for fast inactivation in a proportion of channels or it reduces the probability that channels will follow this fast pathway.
The ␤3-induced slower current is probably distinct from the previously described inherent Na v 1.3 persistent current with its greater time constant of Ͼ150 ms (5) . Although we present a small (5-10%) theoretical persistent component by describing current decay with a double exponential function, current decay traces only spanned a 20-ms duration, which limits the accuracy of identifying a true late current. In common with most Na v channel studies in HEK293 cells (31), we used a CsFbased internal solution. It has been shown previously that the use of CsF can destabilize the persistent current over time (5) . We were unable to detect a substantial persistent current using a 1-s conditioning pulse of the inactivation protocol. However, this was applied after the activation protocol, and it is possible that any persistent component had mostly disappeared by this time. Cummins et al. (31) previously reported that ␤3 slowed macroscopic current decay of Na v 1.3 in HEK293 cells over potentials ranging from Ϫ40 to Ϫ10 mV. However, the current decay was described by a single exponential function, and channel availability curves were monophasic. This suggests that the biphasic components of the inactivation curves described here represent a previously unrecognized feature of Na v 1.3 gating behavior. Cummins et al. (31) used a more negative holding potential and a different external buffer than we used here. Furthermore, unlike Cummins et al. (31) , we included ATP and GTP in the internal buffer (experimental procedure). It is possible that this difference could influence the phosphorylation status of Na v 1.3 in our experiments.
The depolarizing shifts observed with ␤3 in HEK293 cells are in the opposite direction to those shown by ␤3 and Na v 1.3 when co-expressed in CHO cells (32) . Such cell-dependent differences have been reported for several sodium channel ␣-and ␤-subunit pairs (33, 34) , but the explanation is unclear. The HEK293 cell line is a widely used and convenient expression system to study the electrophysiolgical properties of Na v and other ion channels (35) . Immunological and microarray analysis suggest that the HEK293 cell-line is neuronally derived (36) and may, therefore, be the more physiologically relevant model. If the influence of ␤3 on Na v 1.3 in HEK293 cells is also apparent in a primary neuronal cell, it would delay repolarization, amplify the response to presynaptic signals, and increase the excitability of neurons in vivo. Hence the parallel up-regulation of Na v 1.3 and ␤3 in rat dorsal root ganglion sensory neurons after peripheral nerve injury (10) could contribute to pain sensation. The recently described ␤3 knock-out mouse (37) will be an excellent model organism with which to address these questions in further detail.
Because ␤3-WT and both mutants similarly increased the fraction of slowly inactivating current, the region on ␤3 that is responsible for these effects probably lies outside the intracellular domain elements investigated here. In contrast, our data indicate that fast inactivation is selectively sensitive to mutations within the ␤3 intracellular domain. Surprisingly, ␤3-WT did not significantly affect the voltage dependence of fast inactivation relative to Na v 1.3 alone, yet both mutants clearly destabilized this specific parameter. It seems unlikely that both mutants have independently created a new binding site on the ␣-subunit capable of destabilizing fast inactivation. Rather we suggest that the intracellular domain normally stabilizes fast inactivation, whereas the extracellular and/or transmembrane domains destabilize, resulting in no net detectable effect on fast inactivation for ␤3-WT. If the stabilizing effect of the intracellular domain is compromised by mutation, the destabilizing effects of the other regions will then predominate. How might the ␤3 intracellular domain normally stabilize fast inactivation? During fast inactivation a short cytoplasmic loop between domain DIII and IV of the ␣-subunit acts as a hinged lid to block the inner mouth of the ion-conducting pore (38) . Recent work indicates that an ␣-helix at the ␣-subunit C terminus interacts with the DIII-IV linker and helps to stabilize fast inactivation (39) . Interestingly, an adjacent region of the ␣-subunit C terminus (the EF hand) binds the intracellular domain of ␤1 and ␤3 (40) . We suggest that this interaction may promote the association of the ␣-subunit C terminus with the DIII-IV linker, perhaps by holding the C terminus in the optimal alignment for linker binding. It will be important now to test this hypothesis by a combination of structural and biochemical methods.
Our work provides the first structural analysis of any Na v ␤-subunit intracellular domain. Both the CD and NMR data indicate the ␤3 intracellular domain adopts a disordered conformation for the case of the free unassembled ␤3-subunit. However, the increase in ␣-helical content shown by intracellular domain peptides in the presence of 30% TFE suggests that the ␤3-intracellular domain also contains a motif that can undergo a selective disorder to order transition depending on the local microenvironment and in so doing generates a potential binding site. Such regions have been called molecular recognition features (MoRFs) and can play important roles in initiating protein-protein interactions (41) . The short amphipathic ␣-helix within the ␤3 intracellular domain may represent another example of this behavior. Because ␤3-AP and ␤3-⌬SE mutants both destabilized fast inactivation, our data suggest that the interaction site encompasses both structural regions and is, therefore, likely to extend along most of the ␤3 intracellular domain.
In summary, we show that the ␤3-subunit can induce complex gating behavior in Na v 1.3 by modulating the proportion of fast and slower inactivating channels. We further show that the ␤3 intracellular domain specifically influences fast inactivation with an unexpected subtlety that raises new questions concerning the regulation of sodium channel gating and its pathophysiological implications.
